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Abstract
Vertical-cavity surface-emitting lasers (VCSELs) are very attractive as light emitting devices
for optical interconnections and high density two-dimensional laser arrays. This is due to their
compact, vertical geometry. VCSELs also tend to be more efficient and are able to operate at
lower current densities than in-plane lasers.
This thesis presents a systematic analysis of the distributed Bragg reflectors (DBRs) which
serve as the mirrors around the optical cavity of the VCSELs. It considers various methods
to calculate the reflectance and the transmittance of a DBR structure. More specifically, the
transmittance and impedance matrices for DBRs were derived, and the impacts of loss, deviation
from resonance, and composition gradings on the reflectivity were studied.
This thesis also studied the role the potential barriers, which are on the order of 100meV,
induced by the redistribution of space charges around the layer interfaces play in limiting the
conduction of carriers. While electrons can tunnel through these barriers quite easily if the
interfaces are heavily doped, reasonable hole transport can only be supported if the interfaces
are graded and doped in such a manner that the valence band is flattened. However, the length
of any graded region should not exceed 20% of the total layer thickness, so that the reflectivity
of the DBRs will not be severely degraded.
Reflectivity measurements of DBRs grown in this work indicates that the constant changing
of cell temperatures during the growths can make the growth rates deviate from the calibrated
values. The changes in layer thickness seen shifted the spectra of the DBRs. Results from
Hall measurements made in this work suggest that increasing the aluminum content in an
AlGaAs layer can reduce the incorporation rate of beryllium dopant atoms. Reduction in
growth temperature does not seem to reduce the incorporation efficiency of the dopant or the
hole mobility.
Thesis Supervisor: Clifton G. Fonstad, Jr.
Title: Thesis Supervisor, Professor of Electrical Engineering
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Chapter 1
Introduction
Vertical-Cavity Surface-Emitting Lasers (VCSELs) are particularly suitable as light gen-
erating devices for optoelectronics integration technologies. Due to their compact, vertical
geometry, VCSELs require only standard batch fabrication processes similar to those for inte-
grated circuits. Their geometry also enables on-wafer testing before packaging. The small active
regions of VCSELs result in very low threshold currents unattainable by other forms of lasers.
It is also easier to achieve single longitudinal optical mode emission in VCSELs, since VCSEL
cavity lengths (typically 1 wavelength) are much shorter than those in edge emitting lasers
(hundreds of wavelengths). Finally, the surface-emitting property provides low divergence, cir-
cular light beams, which simplifiers coupling with optical fibers. VCSELs are emerging as ideal
light sources for optical interconnections and high density two-dimensional laser arrays.
The goal of this project is to grow and characterize distributed Bragg reflector (DBR) stacks
with high reflectivity and conductivity, paving the way to high quality VCSELs. These VCSELs
will serve as a candidate as the light emitting elements in our Epitaxy-on-Electronics (EoE)
optoelectronics integration technology.
The EoE technique [2] involves epitaxial growth of optical device on fully processed GaAs
VLSI electronics circuits. The GaAs circuits and the optical devices share the same substrates.
Dielectric growth windows are opened through the interlevel dielectric stacks to the GaAs
substrates. Optoelectronics device are then growth on the VLSI circuit chips by molecular
beam epitaxy technique at lowered growth temperature, such that the electronics beneath the
optical devices are not damaged by excessive heat. Since the optical devices are fabricated in
the dielectric growth windows, vertical structures, in which light is coupled in and out through
the top of the devices, are more convenient to work with. This explains the appropriateness of
the VCSELs to this technology.
The idea of VCSELs was suggested in 1977 and was first demonstrated by Soda et al at the
Tokyo Institute of Technology in 1978 [1]. These devices could only achieve pulsed lasing action
at liquid nitrogen temperature, with large operating voltages and threshold currents (900mA).
VCSELs did not become practical devices until semiconductor growth techniques, such as mole-
cular beam epitaxy (MBE) and metal-organic chemical-vapor deposition (MOCVD), were ma-
ture, and precise control of layer thicknesses and composition variations was realizable. With
further reduction in active region volumes by lateral oxide confinement, state-of-the-art VC-
SELs can operate with threshold currents as low as 38puA [3] and wallplug efficiencies as high
as 50% [4].
Figure 1-1: VCSEL structure.
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A typical VCSEL consists of two high-reflectivity DBR mirrors separated by a thickness
which is a multiple of one wavelength to form a high-finesse Fabry-Perot cavity as shown in
Figure 1-1. The cavity consists of several active quantum wells. Holes and electrons, injected
through the p-doped top mirror and n-doped bottom mirror, respectively, travel to the quantum
wells, recombine and generate photons.
The DBR mirrors consist of repeating pairs of quarter-wavelength-thick high and low re-
fractive index layers with their resonance tuned to the lasing frequency. Photons at the lasing
wavelength are reflected at each of the layer interfaces and added constructively, giving rise
to a very high quality factor (Q) cavity between the mirrors. In general, the reflectance of
DBR stack increases with the number of periods. It is also proportional to the reflective index
difference between the high and low index layers. If the layers are completely lossless at the
wavelength in question, the reflectivity of a DBR mirror can approach unity, by having more
and more mirror periods, which also makes the DBR stack thicker and thicker.
Unlike edge-emitting semiconducting lasers, light in a VCSEL resonates in the direction
perpendicular to the thin quantum wells inside a short cavity. This geometry limits total gain
per pass across the cavity to a very low value, approximately 1% [5]. If the round trip loss is
more than 1%, the lasing mode of the device will not form. As a consequence, the reflectances
of the DBRs in VCSELs normally exceed 99%. The design, growth and characterization of
such thick and complex epitaxial structures poses a number of challenges; overcoming them
is essential to the successful fabrication of VCSELs and the ultimate integration of them on
commercial GaAs-based VLSI chips.
This thesis will concentrate on the modelling of the DBRs. Chapter 2 will present various
methods to calculate the reflectance and the transmittance of a DBR structure. It will also
investigate the impacts on the reflectivity spectrum when a "non-ideal" DBR stack is used. In
Chapter 3, the conductivity properties of these DBRs will be investigated. It will be shown
that abrupt, p-doped DBRs are very poor conductors. Bandgap engineering is necessary to
reduce the potential barriers between any two layers and several schemes are presented to
achieve this goal. Chapter 4 covers fabrication issues involving in VCSELs. The results of a
few experiments done to support the work in the earlier chapters are presented and discussed
in Chapter 5. Finally, the conclusions of this thesis and a discussion of the future direction of
the project is given in Chapter 6.
Chapter 2
Optical Models of the DBR Stacks
In this chapter, we will calculate the transmittance and reflectance of a DBR stack. We will
also develop methods to estimate the impacts of non-abrupt layers, loss and slight wavelength
deviation from resonance on the reflectivity of the DBRs.
2.1 Method of Transmission Line
The most direct way to calculate the transmittance and reflectance of a DBR stack is to
model it as a transmission line. The assumption is that the structure is homogeneous on the
plane perpendicular to the direction of propagation, or k. If we pick the positive z axis as the
direction of propagation, then k = kz, where kz = 2 is the propagation constant, n is the
refractive index and is A the wavelength. Hence, we have reduced a three dimensional problem
into a one dimensional form. The goal of this approach is to find a 2 x 2 matrix, [MT], termed
transmission matrix, which relates the four field parameters in Figure 2-1. They are the forward
and backward propagating electric fields on the two sides of the layer. Here we only present
the result for the normal incident case, which is the only relevant situation for a 1D analysis of
the VCSEL DBRs.
The easiest case is the one with no change in refractive index between the two points at
FLY
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Figure 2-1: Parameters of the transmission matrix
which we measure the electric fields. This corresponds to the uniform portion of the structure
between any two interfaces. In this case, only the phases of the electric fields are changed
LE eZ J - e J L E -J
[T] R (2.2)
where
0 = kzL (2.3)
and L is the distance between the two points in question.
The next step is to find out how the electric field changes across a boundary where the
refractive index jumps from nLto nR. We can first convert the two electric field components,
E+ and E-, into the total transverse electric and magnetic fields with the help of Maxwell's
Equations
E = + + E = HIR: 
-RE
kx~ = RE -HI- R(E - ER)
[M]
ER
)--
-L -
El 1 E
RR (2.4)
HI- -nR nR ER
where the symbol I indicates the transverse component. Here, we used the fact that e = n 2
[I = 1 (no magnetic material in the structure), and the dispersion relation
A 2 =W2[ (2.5)
Then, we define
[B] = 1 (2.6)
As a consequence,
El E*[ = [BR] R (2.7)
H1 E
When there is no "current sheet" on the surface of the boundary, the transverse electric and
magnetic fields are continuous,
= R (2.8)
So, [L = [BL-1 L ]
HL  HL
= [BL]- 1 [BR][R
1 1 1 E+
nL R (2.9)
2 1 --- 
-nR nR E-
To summarize, when crossing a boundary, we multiple the vector of electric fields by the matrix
[BL]- 1 [BRI.
_ _
Returning to Fig. 2-1, in which the layer has thickness L 1, refractive index nl and is
surrounded by the vacuum, where refractive index no = 1. The electric field on the left of the
layer is separated from that on the right by a boundary, a homogeneous layer and then another
boundary
L = [Bo]-'[Bi][T1][B 1]- [Bo] R (2.10)
Hence we write down the transmission matrix as
[M1T ] = [Bo]- [B1][T1][B 1]- [Bo]
1 [1 -1 [cos 01 isi1 1= 1n (2.11)
2 1 1 in sin 01 cos 01 -1 1
The matrix
cos 01 sni (2.12)
in sino1 cos9 1
is equivalent to the impedance matrix in the transmission line theory. It relates the electric
and magnetic fields at the two ends of the layer. This is more commonly used in analysis due
to its concise form. We will call this matrix [M1].
When we have a stack of N dielectric layers, as shown in Figure 2-2, the overall transmission
matrix is
N
[MT] = [Bo]- 1 I[Mi][Bsub] (2.13)
i=1
where
[Bsub] = Sub (2.14)
-- rtSub RtSub
In our case, the substrate refractive index, nSub, is that of GaAs.
Now, we relate the overall reflectivity and transmissivity of the dielectric stacks to the
entities in the transmission matrix. Referring back to Fig. 2-2, we notice that ESub = 0 if light
EL
EE
[M,1 [M2] [Ms *000 [MJ
ER
Ei= 0O
Figure 2-2: Transmission matrix for a dielectric stack.
only comes from the air side and if the substrate extends to positive infinity, which is a very
good assumption if the substrate is thick. We thus have
Eo [MT] ESub
Eo L Eub
21
Hence
rE= m (2.16)
and
t= 1+r=m +T 1 T (2.17)
where r and t are the reflectivity and transmissivity, respectively. Finally, reflectance and
transmittance are
R= In2 (2.18)
6
and
T= t12
respectively.
2.2 Fields in an Ideal DBRs
EL \N
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Figure 2-3: Model of a (N+1/2) period DBR stack.
For a typical DBR, we consider the model as in Figure 2-3. Notice that the DBR is termi-
nated by the same type of material on both sides, usually the one with lower refractive index.
The reasons for such a choice are different for top and bottom mirrors. The bottom mirror
is sandwiched between the GaAs substrate and the GaAs cavity. So, it only makes sense if
the mirror begins and finishes with A1GaAs layers. For the same reason, the first layer of the
top mirror adjacent to the GaAs cavity is also made of AlGaAs. The very top layer of the
top mirror is made of A1GaAs, too, which helps to enhance the coupling of light out of the
structure, since the refractive index of A1GaAs lies between those of GaAs and air.
(2.19)
0000
ER=O1
n \I
The transmission matrix of the structure in Fig. 2-3, with N1 periods (not layers), is
E[ = [Bo]- 1 {[Mi] [M2]}N [Mi] [BSub] [ u (2.20)
EL 0
At resonance, 01 = 02 = Z, and
M1 ,2  [ n1,2
S,2 
i
r = n n (2.21)l u&( )2N +1
n 1 nl
If n2 = nGaAs > nAlGaAs = n 1 , then
lim r = 1 (2.22)
N---oo
This result illustrates that despite the small reflectivity from each interface, the total reflectivity
can approach unity if there are enough DBR periods.
Figure 2-4a and Figure 2-4b show the changes of reflectivity as functions of the number of
DBR periods and the wavelength, respectively.
2.3 Hyperbolic Tangent Method
The transmission line method is simple when the layers are abrupt. When there is com-
position grading around the interfaces, the transmission matrix of each layer is not so easy to
deduce. One way to circumvent this problem is to employ the coupled- mode theory. However,
coupled-mode theory is suitable only if the variation of the refractive indices across the struc-
ture is small compared to the average index. Fortunately, this is true for most of the structure
in the GaAs-A1GaAs DBRs and cavities, since the largest possible index difference (between
indices of GaAs and AlAs) is about 0.6, while the average index is about 3.3.
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Figure 2-4: Reflectance of a DBR stack verses: a) the number of periods; b)the wavelength.
However, this assumption breaks down at the air-DBR interface. It turns out that the
analysis can be simplified by carrying out a hyperbolic tangent substitution [6], as outlined
below. One limitation is that this method only works at resonance or anti-resonance frequencies.
Since our primary concern is in the range around the lasing frequency, this method is applicable.
First, we consider the situation in Figure 2-5. The overall reflectivity rl+o can be written
as
ri + roe -i2°
rl+0 r1  roe i2  (2.23)
1 + r1roe-i2 0
where rl,2 are the reflectivities of the two interfaces as seen from the left, when these interfaces
stand alone. 0 is spatial phase shift experienced by the wave when it traverses from one interface
to another.
| | __
-"L--L
~
Interface 1- Interface 0
Figure 2-5: Reflection off two interfaces.
Now, if we carry out a substitution
r = tanh(s)
then
tanh(si) + e- i20 tanh(s2 )
1 + e - i20 tanh(si) tanh(s2 )
So far, the substitution does not help the problem. However, if 0 is a multiple of !,then
e
- i 2 0 = l
and
e- i20 tanh(s) = tanh(e - i20s)
With this identity, Equation 2.25 can be greatly simplified as
rl+0 = tanh(sl+o) = tanh(si+e- i20s o)
(2.24)
(2.25)
(2.26)
(2.27)
(2.28)
By using the tanh substitution, the contribution from each individual DBR layer to the overall
reflectivity is de-coupled. All one needs to do is to add one more layer at a time and repeat the
-j29
ro _
r, D
above process.
Next we consider the DBR in Figure 2-6, which is the same as in Fig. 2-3. The reflectivity
as seen from the left of the Interface i = 1 is
rl+o = tanh(s1+o) = tanh(s + so80) (2.29)
Notice that since ro and rl are negative and positive, respectively; so are so and sl. Moving
one layer to the right, the reflectivity as seen from the left of the Interface i = 2 is
2
2+1+0 = tanh(- E si) (2.30)
i=O
If we carry out the process repeatedly, we can find that the reflectivity as see from the left of
the stack is
2N
r = -tanh(sAir - si )
i=O
- tanh(sAir - 2Ns - SSub) (2.31)
where tanh(sAir), tanh(s) and tanh(sub) correspond to the reflectivities of the air-A1GaAs,
GaAs-AlGaAs and AlGaAs-substrate interfaces, respectively.
The next step is to relate the s variables to the refractive indices. If we denote nHi and nLi
as the high and low refractive indices on either side of an interface i, then
1 - nLi/nHi
1 + nLi/nHi
At the same time,
ril = tanh(|sil)
1 - e- 21si1
1 + e-2si (2.
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Figure 2-6: An (N+1/2) period DBR.
Comparing Eq. 2.32 with Eq. 2.33, we can deduce that
1 nHi
Si = I In nHi
2 nLi
If we substitute Eq. 2.31 into Eq. 2.33 and then apply Eq. 2.34, we get back
-1r = - tanh[1 Innl -
n&1)2N
n, nl
R2 1 RSubNln n nsu]
nl 2 nl
which is identical to Eq. 2.21, as expected.
2.4 DBR stacks with a Cavity
The next case we would like to consider is that shown in Figure 2-7, in which a cavity with
a thickness of half a wavelength is placed between two DBR mirrors. The reflectivity verses
EL +
EL
(2.34)
(2.35)
(2.36)
77. \
\
P-P--q
ER
2N+1
\
U
E-R -,,
f----
\ //
wavelength of this structure is plotted in Figure 2-8. Notice that the reflectivity of the structure
has a dip at the resonance frequency. This is called the Fabry-P6rot resonance. This increase
in transmissivity at the lasing frequency helps to couple light out of the structure. Indeed, one
goal of the VCSEL design is to align this dip with the gain peak of the quantum wells.
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Figure 2-7: A cavity sandwiched between two mirrors.
The reflectivity, looking to the right, as seen from middle of the cavity, is
2NR+1
-tanh(sc + E Is )
i=O
(2.37)
where (NR + 1) is the number of periods in the right, or bottom, DBR and sc is obviously zero.
Then the reflectivity of the whole structure is just the hyperbolic tangent of the sum of all the
s variables from the left DBR minus that from the right DBR
2NL+1
r = tanh( E
i=O
2NR+1
s - s Isi)
i=O
(2.38)
S LSE
E-R= 0
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Figure 2-8: Reflectance spectrum of the cavity structure shown in Figure 2-7.
where (NL + ) is the number of periods in the left, or top, DBR.
From Eq. 2.38, we can conclude that the Fabry-P6rot resonance is strongest when
2NL+1 2NR+1S j 4= 1 (2.39)
i=0 i=0
The two sums, in general, cannot be too similar. The top mirror usually has a smaller number
of periods than the bottom mirror, such that most of the light energy can be emitted from the
top. Moreover, the top mirror is terminated by air while the bottom one by the GaAs substrate
and air has a huge difference in refractive index from GaAs.
2.5 Coupled-Mode Theory
We now return to the case illustrated in Fig. 2-6. We define A n to be nm.x - nmin and navg
to be (nmax + nin)/2. The coupled-mode theory [7] states that if A n < 2navg, the reflectivity
can be approximated by
r = tanh(nL) (2.40)
where L is the length of the structure and n is the coupling constant. It can be shown that K
is 2' times the first Fourier component of the index variation of one period of the structure
K = A J [1 - f (x)] sin(x)dx (2.41)
where Ar is the resonance wavelength, f(x) is the composition of aluminum at position x and
the integration is carried out over one period of the DBR [7].
s~ in Eq. 2.41 will be largest if [1 - f(x)] in the integral is constant at its maximum when
sin(x) is positive, and is zero when sin(x) is negative. Hence we have shown that, for a fixed
An, quarter-wavelength DBR stacks with abrupt interfaces have the highest reflectivity, at least
under the condition that coupled-mode theory is applicable. (In fact, this statement is true
even if An is not small.) With abrupt interfaces
2An  (2.42)
Eq. 2.40 is not applicable to the air-DBR interface. However, it gives an excellent approx-
imation for the rest of the structure. In the GaAs-A1As system, A n 0.6 and nav ,, 3.3.
According to [6], for A n/2navg 0.1, the error in reflectivity is only 0.33%.
Combining the hyperbolic tangent method with the coupled- mode theory, we obtain
r tanh[sAir + L] (2.43)
We will use this equation in Chapter 3 to estimate the deterioration of reflectivity due to
composition grading.
2.6 Lossy Layers
Finally, we would like to calculate the change of reflectivity if the dielectric layers are slightly
lossy. What we mean by slightly lossy is that
aL < 0.1 (2.44)
where a is the absorption coefficient and L is total length of the DBR stack. The above
requirement is translated, for our VCSEL design, into a < 400cm- 1. A DBR made with
such lossy material can loss about 3% of its reflectivity (Eq. 2.46) and is very unlikely to be
suitable for VCSEL. According to [8], the typical values are aN 5cm-1 and ap - 11cm - 1
per 1018 cm - 3 of n and p-dopants, respectively. We will also use the same absorption coefficient,
a, for all layers.
In order to incorporate loss into our analysis, we need to generalize the impedance matrix
as
] cos[(kz + ia)L] isin[(kz+ia)L
insin[(kz + ia)L] cos[(kz + ia)L]
in __ J (2.45)
in iaAr
4n
when A = Ar, the resonance wavelength. The key result is that with the introduction of loss,
the reflectivity saturates at
A,. n2 + n2
rm = lim r=1- 2 2
N--*co 2no n2 - n 2
SAr navg1 a n (2.46)
2no An
The second term in r,, can be viewed as the maximum loss introduced by the lossy mirror
at resonance frequency. The actual loss is always less, but not far from this value because the
DBRs of a VCSEL usually consist of many periods (N). If we choose the GaAs-A1As system,
and if light enters the DBR from a medium of GaAs (no = nGaA,), as in the case in VCSELs,
r 1- .75a x 10- 4  (2.47)
where the resonance wavelength is 0.98[pm, and the absorption coefficient, a, is in unit of cm- 1.
When determining the gain of the VCSELs, a portion of it must be dedicated to compensate
for this loss.
2.7 Small Wavelength Deviation from Resonance
The analysis in the last section can be generalized by replacing the diagonal term of Eq.
2.45 with a "general phase deviation", 60. This represents a small phase change which might
result from any slight deviation from resonance. At resonance, 0 = 1 and 60 = 0. It can be
shown that, with a small deviation from resonance, the reflective of an infinite period DBR is
lim r = 1- 2 i (n 2 2 n2 81) (2.48)
N- oo no(n2 
_ n2
In the last section, 60 = - A and Eq. 2.48 is reduced into Eq. 2.46.
When the wavelength of the incident light changes from Ar, to A, + 6A, the phase shift in a
particular layer changes by
60 A (1 n' n=n, r) (2.49)
where nr is the refractive index of that layer at the resonance and n' is the derivative of the
index, or the dispersion at the resonance.
Since 60 is real in this case, the reflectivity of the DBR does not suffer any loss in amplitude
but the incident light experiences an extra phase shift upon reflection from the mirror. The
reflectivity under such a situation is
Z 21 2 2 2 l
lim r - 1 nnl r 2 + ]21 6A
N-oo noAr n2 - 1 n
2
- 2
z1 71n av~g Ar )56A (2.50)
noAr A n 2
Finally, since
lim r = e- ibtotal 1 - i6total
N--oo
the extra phase shift experienced by the incident light, without loss, is
i n ( n/ + n',
60total n (navg - Ar ) ±
When there is also loss, the extra phase shift is,
6 0 total (navg - Ar 2 -i A ag (2.51)
noAr A n 2 2 A n A n
From [9], n -. -0.372m -I and n'2 -0.536m -1 at Ar = 1. 4Lm. So, 60totl 4.7437r6A
at Ar = 1.0pm. Eq. 2.51 is very useful for estimating the line-width of a VCSEL.
2.8 Summary
We have defined the transmission and impedance matrix of a DBR stacks. We have also
used a hyperbolic tangent substitution to express the reflectivity in a very compact form, which
also allows convenient calculation when the DBR interfaces are not abrupt. Finally, we found
the impacts of loss and small wavelength deviation from resonance on the reflectivity of a DBR
mirror.
Chapter 3
Conduction Issues of the DBR
Stacks
The reflectivity of a quarter-wavelength DBR is high when the interfaces are abrupt, and the
refractive index steps are large. This will require that the two types of layers be as different,
and the change from one type to another one be as sharp as possible. In the GaAs-A1As system,
the best possible choice for the pair of layers, without any other consideration, will be GaAs
and AlAs.
However, other than serving as the optical reflectors, the DBR stacks also provide conduction
path for the carriers to travel to the quantum wells sandwiched between them. A conduction
path has low impedance if the band-edge of the conducting carrier is flat, or its fluctuation is
not too much more than the thermal voltage (about 26meV at room temperature). The band-
edge different between GaAs and AlAs is about 600meV for holes and 130meV for electrons
(from F-band of GaAs to X band of AlAs). Not surprisingly, stacks of GaAs and AlAs layers
changing abruptly from one to another are not good conductors. The requirements to have
large reflectivity and small impedance are in conflict with each other.
In this chapter, we will try to study potential barriers imposed by the interfaces between
layers, and composition grading schemes to reduce these barriers.
3.1 Interfacial Potential Barriers
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Figure 3-1: Band diagrams of two materials with different bandgaps when: a)separated;
b)joined together.
The conduction and valence bands around the interfaces of two separated, p-doped GaAs
and AlAs layers are shown in Figure. 3-la. When the two materials join, the band diagram is
shown in Fig. 3-lb. Electrons from a material with smaller electron affinity move to the one with
larger electron affinity when they are brought together. Holes move in the opposite direction.
In our case, the p-doped GaAs, which has a smaller bandgap, also has smaller electron affinity.
As a result, holes are depleted from the AlAs layers and accumulated in the GaAs ones. Due
to this redistribution of space charges, potential spikes are formed at the junctions between the
two materials.
It is easy to estimate the shape of the barrier by studying the Poisson's equation. Specifically,
we want to find out the barrier height and width at the base of the barrier. Here, we use the
valence band as an example, but the analysis is identical for the conduction band.
The charge density, assuming uniform doping, at any point is
p(x) = q[p(x) - NA]
E, (x) -E,(-oo)
= qNA[e kT - 1
= qNA{eTkT[(x )- (-oo)] 1} (3.1)
where NA is the acceptor level, p(x) the hole concentration, E,(x) the valence band-edge and
O(x) the potential. We will set the potential at x = -co to be zero
p(x) = qNA{eT (X) - 1} (3.2)
The electric field, e(x), is related to the charge density and the potential by
d(x) p(x)
dx E
e(x) = o(x)
dx
and
(3.3)
(3.4)
respectively, and c is the dielectric constant of the material.
If we multiple Equation 3.3 by Eq. 3.4 and integrate from x = -oo to x = 0, we get
e2(0) - _2 (-C)
E2(0)
- 2qNA [ ( - 
_ (0)]kT- 7(-OO) + 0(0)}
2qNAkT [1 - eT,(O)] + 0(0)}
f q
Then, we put two p-doped materials together, junction at x = 0, whose valence bands are
off-set by A E, from each other. They have dopant levels of NA1 and NA2, and dielectric
constants of c, and 62, respectively. We will denote the electric fields immediately left and right
of the junction as e1(0) and S2(0); and for the potentials, V1 and V2 . So, V2 - V1 = A Ev. We
(3.5)
try to match the boundary condition at the junction by equating the electric flux
We obtain
(3.6)e 1(0) = IE262(0)
q q [V2 - 0(00)11
1lNAl[e~V' - 1 + V] = 2NA2{[ ( )I - 1 2 - ()]}kT kT (3.7)
0(oo) accounts for the potential difference between x = -oo and 00 when the dopant levels on
both side are different. More precisely,
NA1 NV1 -q (oo)
NA2 NV2
kT
q
Nv2 NA1
In( x )Nvl NA2
(3.8)
where Nv1,2 are the effective densities of states of the valence bands.
If material 2 is the AlAs layer, holes will be depleted from it and accumulated in material
1. Hence, T[V2 - (oo)] < 0 usually. If we further define
62NA2
r =
E1NA1
we can rewrite Eq. 3.7 as
(3.10)
(3.9)
This equation converge very quickly and can be used to calculate V1 and V2 even with a hand-
held calculator. It give V1 = -80.8meV for - = 3 and A E, 600meV. Since A A E, is
apparently the dominant term in Eq. 3.10, we can stripe away all other terms and obtain
- V = ln( q A E) (3.11)
kT kT
-q n
-VI = In[ ( - r) + E, + (1 - r)V1 - O(oo)]}
kT kT
which give V1 = -81.5meV. It shows that Eq.3.11 is an excellent approximation. It is true for
nearly all practical situation.
From the previous analysis, the potential barrier, V2, is 518meV, or about 86% of the valence
band offset between the two materials.
We proceed to calculate the width of the barrier. Since holes are depleted from the AlAs
layer, it is sufficient to use the depletion approximation there. With this approximation, the
potential has a quadratic shape, starting with a slope of E2(0) at the junction. The barrier
width, w(E), experienced by an electron with energy EeV above the bottom of the GaAs
valence band, can be written as
w(E) = 6 V E2 E (3.12)qNA qN
Since the electron density peaks at E = - -T < V2, Most electrons see a barrier width of about
w(O).
For a dopant level of 2 x 1018cm- 3, this width is 17nm. The effective Bohr radii of electrons
and holes in AlAs are about 8nm and Inm, respectively. This analysis shows that electrons,
due to their much smaller mass, have far better chance to tunnel through the potential barriers.
Potential barriers in p-doped DBRs are usually a much more acute problem for conductivity
than those in n-doped ones.
3.2 Currents Across the Potential Barrier
There are two ways for the carriers to transport across the potential spikes studied in the
last section: either by tunnelling or by thermionic emission, as shown in Figure 3-2. Due to the
relatively high doping levels of about 1018cm - 3 expected in our structure, we are operating in
a region where both field (tunnelling) and thermionic emissions contribute to the total current.
Figure 3-2: Transport across a single barrier.
The thermionic-field emission current-voltage relationship [10] can be written as
qV
J - Js exp[ h(/T)[1Eoo coth(Eoo/kT)
qV
- exp(- qV)]kT
s -q(V2 - s)Js = Jm exp[E
Eoo coth(Eoo/kT)
Jm = A*T2exp(- W)
kT
Eo= qh[ ND2] = 18.5x2 m*E2
m*qk2A* m* qk 1.227r2h3
1 2 ND2 1
10-12 ]eV
2e2
mA
x 10-3m*
ILm 2K
2
V2
V
Fermi Level
Material 1 (GaAs) Material 2(AIAs)
where
(3.13)
b
¢
V is the applied voltage across the wider bandgap material (material 2), V2 is the barrier height
as mentioned in last section, 'P is the potential difference between the band-edge at x = -oo
and the Fermi level (Figure 3-2) and A* is the Richardson's constant. m* is the effective mass
of the carriers in AlAs while m* is that of GaAs, which is the lesser of the effective masses of
the materials on the two sides of an interface. Both m* and m* are in unit of free electron
mass, mo, and ND2 is in unit of cm- 3
V, as specified above, is the portion of the applied voltage across the wider bandgap material.
However, the portion across the narrower bandgap material, where there is accumulation of
charge, is usually much smaller. Hence, V is very close to the total applied voltage across one
interface.
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Figure 3-3 shows the I-V relationship for different doping levels. Recent VCSEL results [4]
suggested that a current density of about O.lmA/um 2 is necessary to deliver about 1mW of
output power. For a p-doped DBR stack (Fig. 3-3a), the current level is insufficient unless
V > 0.3V. For a VCSEL with a 16.5 period p-doped mirror, a voltage of about 10 volts is
necessary to drive the device to lasing [11]. Due to this reason, it is necessary to apply interfacial
grading to the p-doped DBR stacks in order to reduce the potential barriers.
The n-doped DBR stacks (Fig. 3-3b), on the other hand, have far better conducting prop-
erty. This is due to the much smaller effective mass of the holes, which enhances tunneling, and
a lower potential barrier heights (from F-band of GaAs to X-band of AlAs), which enhances
thermionic emission. Interfacial grading is usually not necessary in n-doped mirrors. A common
practice is to apply extra dopants around the interfaces which, as shown in Fig. 3-3b, is already
enough to sustain a significant amount of current [8].
3.3 Interfacial Gradings
An effective way to reduce non-ohmic resistance drastically is to eliminate the potential spikes.
This can be achieved by choosing a suitable combination of composition grading and doping
profile around the interfaces, such that the band discontinuities are minimized.
The Poisson equation Eq. 3.1 can be rewritten compactly as
1d df(x)
E d () ] = N(x) + p(x) (3.14)qdx dx
where N(x) = N + () - N (x) is the net ionized dopant density, p(x) is the net mobile charges
and E(x) is the dielectric constant at point x. Hence this second order differential equation
Eq. 3.14 encompasses nearly all the useful situations, including abrupt and gradual gradings in
composition and dopant level.
For arbitrary composition, we can relate the potential, O(x), to the valence band-edge,
E(x), by
-qo(x) = Ev(x)+ A Evf(x) (3.15)
where f(x), as in Chapter 2, is the composition of aluminum at point x. Apparently, 0 <
f(x) < 1, f(-oo) = 0 and f(oo) = 1.
Now, we can substitute Eq. 3.15 into Eq. 3.14, set the valence band-edge to be flat, and
then find out the corresponding doping profile
AE df(x) = N(z) + p(z) (3.16)q2 dx dx
Since the spacing between the Fermi level and the valence band-edge is constant throughout
the whole structure and doping level is uniform at x = foo, we can immediate recognize that
p(z) is a constant and should be equal to N(-oo), or N1. For the GaAs-A1As system, C(x) only
ranges from 10.06 to 12.91. Hence, we can use a first order approximation which varies linearly
with grading
C(x) = E g A
- C[ f(X) - ]2
EGaAs + 'AIAs
Cavg 
- 2
A = EGaAs - CAIAs (3.17)
Now, Eq. 3.16 can be written as
N()+ N= av Ev d2f d2  (3.18)
q2 2L2 2E, ( d2 1
This equation relate the doping profile and the composition grading necessary to achieve flat-
band. With proper boundary conditions, we can deduce N(x) from f(x) or vice versa. The
factor AE of the second term of Eq. 3.18 is only about 13%, and f(1- f) is generally smoother
than f itself, since f 1. In the following sections, we will ignore the second term.
Along the line of analysis, we have always assumed that the effective density of states Nv
is constant for all compositions in the GaAs-A1As system. In reality, Nv of AlAs is about 10%
less than that of GaAs. So, it is a good enough approximation to ignore it. Alternatively, we
can scale the doping level everywhere to compensate for this discrepancy and achieve an even
better approximation.
3.4 Various Grading Schemes
The simplest composition grading scheme is probably the one which changes linearly from
zero to one in a span of A x. If we set
0 x < - AX
(x) x +1 -_x < x < Ax (3.19)
1 x > AX
- 2
we arrive at the following doping profile with Eq. 3.18
N(x) + N = A E GaAs AAs +
2 L[GAs(xA X)-AIA 6 (x+A X -
avg A E [6(x- A x) - 6(x+ A x)] (3.20)
q2 A x
where 6(x) is the delta function and
P() = - - 2 (3.21)
0 otherwise
is a pulse-shaped function, centered at x = 0. With the linear grading scheme, delta doping is
involved. The expression shown above gives the effective doping level at x = - A x.
Another way to look at this problem is to begin from the dopant profile, N(x). A delta-
doping profile yields a triangular electrostatic potential. Figure 3-4 illustrates the potential
induced by the dopant profile in Eq. 3.20. Then, f(x) is related to this potential by Eq.3.15
and should be chosen as
f(x)= q(x)
A Ev (3.22)
Figure 3-4: Electrostatic potentials associated with delta doping.
The main difficulty of this scheme comes mainly from the delta-doping profile because such
high, localized, dopant density tends to suffer from severe diffusion. If the profile has a finite
width, the band-edge has a downward cusp at x - -- and a upward one at x = L, as
in Figure 3-5. The downward cusp can be populated with carriers easily and does not pose
any problem usually. The upward cusp, on the other hand, forms a barrier and will partially
obliterate the effectiveness of this composition grading scheme.
An alternative scheme is bi-parabolic grading, which uses the fact that the electrostatic
potential of a pn-type junction, as shown in Figure 3-6a, is bi-parabolic (Fig. 3-6b). This
I
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Figure 3-5: Rugged band-edge due to non-ideal delta-doping.
potential, O(x), can be described as
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and is shown in Fig. 3-6c.
With Eq. 3.15, we find that a bi-parabolic composition profile, as shown in Fig. 3-6d, can
yield a flat valence band. The final stage is to pick an appropriate set of NA, ND, xl and x 2
such that f(x) is limited between 0 and 1 and which satisfy
NDX1 = NAX2 (3.24)
such that depleted charges on both sides of the origin are equal.
For x < xl and x > x2 , the doping level is reduced to minimize free carrier absorption
induced by dopants. The band diagram around an interface where the valence band is flattened
by a bi-parabolic grading is shown in Figure 3-7.
Bi-parabolic grading has been proved to improve the conduction characteristics of the DBRs.
Threshold current densities were reported to be decreased by nearly three orders of magnitude
[12].
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The third scheme is the so-called uni-parabolic grading [13]. It begins with an n-type delta-
doping which is then followed by a parabolic grading with constant doping. It avoids the upward
cusp as in linear grading. It also requires a shorter grading region than in bi-parabolic grading.
Shorter grading regions can enhance reflectivity of the DBR stacks and will be explained in the
next section.
3.5 Influence of Grading on Reflectivity
It is well known that an abrupt interface provides maximum reflectivity. We have also
explained that interfacial grading is necessary to bring the impedance of a DBR stack down. In
this section, we will try to estimate the loss in reflectivity due to the presence of composition
-30 -20 -10 0 10 20
Figure 3-7: A valence band flattened by a bi-parabolic grading.
grading.
As explained in Chapter 2, the reflectivity of a DBR stack is very well approximated by
r tanh[sAir + InL] (3.25)
where SAir is the hyperbolic tangent of the reflectivity of the air-DBR interface, L is the length
of the stack, and the coupling constant, n, is -j times the first Fourier component of the index
variation of one period of the structure
K = - [1 - f(x)] sin(x)dx
An = nGaAs - nAIAs (3.26)
The coupling constant, ra,, for a DBR with abrupt interfaces is
2An
Ka = (23.27)
For a DBR with grading, it can be shown, with Eq. 3.26, that
sin(a)
r Grading Region
a = - * O(3.28)2 One Period
If we take a p-doped DBR mirror as an example, we will find that a 25% grading region, which
spans about 75 atomic layers, will require an increase in the number of periods from 16.5 to 17.
Any grading region longer than that will further compromise the reflectivity of the DBR stack.
3.6 Summary
In this chapter, we found that, without interfacial grading, the potential barrier between a
GaAs and an AlAs layer is too high to support the threshold current of a typical VCSELs. This
is a particularly acute problem for p-doped mirrors due to the large mass of holes. Different
grading schemes were discussed.. Finally, we presented the impact of grading to the reflectivity
of a DBR stack.
Chapter 4
Growth Issues of DBRs
The requirements that the DBRs should have very high reflectivities, low total losses, good
conductivities, and consist of many periods pose a set of challenges for their fabrication. In this
chapter, we will present a brief list of growth issues based on the experience in other groups
which also fabricated VCSELs.
4.1 Growth Stability
It is necessary to maintain stable growth conditions when the structure is being grown, which
typically lasts for more than five hours. If growth conditions change, the center frequency of
the DBR will drift away [14]. This needs to be monitored and any drift in the spectrum should
be compensated.
Eq. 2.48 can once again be used to estimate the extra phase shift at the resonance wavelength
if the layer thicknesses has an error of, say, L. The phase deviation, in this case, is
S0 -kL (4.1)
From Eq. 2.48, an error of merely 0.6% in layer thickness, or about 2 monolayers per DBR
layer, is already adequate to induce an extra phase shift of about 0. rad. This corresponds
to a shift of about 2nm in resonance wavelength, while the full-width half-maximum of the
resonance transmissivity peak is only about Inm! Such an astonishing result is corroborated
by results reported in References [4] and [15]. Of course, what would happen with a small, but
uniform, thickness deviation is that the lasing will occur at the new resonance wavelength, but
without a significant increase in threshold current. However, if the errors in thicknesses are not
uniform along the growth direction, which means that the perturbed resonances are difference
among the bottom mirror, the cavity, and the top mirror, the VCSEL will simply not lase, or
at best will suffer a large penalties on the round-trip gain, and the threshold current will be
much higher.
A sophisticated monitoring scheme is to measure the emissivity or reflectivity of the sample
during the growth, and adjust the growth rate or growth duration in real time by a closed-loop
control system [16], [171. Such systems are not present in our laboratory and the technique is
difficult, since a good angle to perform optical measurement may not be the optimal angle for
growth.
In this project, the plan is to interrupt the growth of every sample after the bottom DBR
is done and the cavity is nearly, say 95%, finished, move the sample to a convenient position,
measure its reflectivity spectrum, and then adjust the growth of the rest of the cavity as
necessary to compensate for any deviation [15]. However, by doing so, the cavity will not be
evenly splitted on the two sides of the quantum wells. The confinement factor, and the round-
trip gain, will suffer, since the active region will no longer coincide exactly with the anti-node
of the optical field. This imposes a limit on how much correction this scheme can provide.
An alternative scheme is to alter the layer thicknesses of the top mirror rather than the cavity
length to achieve the desired correction. This scheme has the potential to provide greater phase
compensation.
4.2 Composition and Dopant Profiles
As discussed in the last section, specific doping profiles are necessary to achieve flat-band.
Two problems will influence the choice of doping profile, and may set a maximum doping level.
First, beryllium does not incorporate perfectly in A1GaAs materials with high aluminum con-
tent. It has been reported that the hole concentration in Alo0.Gao. 1 As can be as low as 50% of
that in GaAs with the same doping level [18]. Second, beryllium often diffuses and aggregates
around the GaAs-AlGaAs interfaces [19]. Hall measurements allow one to estimate incorpora-
tion of beryllium at different aluminum compositions. Capacitance-voltage measurements will
determine the extent of dopant diffusion. This information is pivotal to deciding the actual
shape of the dopant profile.
The optimal design for the grading regions is a compromise between a short enough length
and an adequately gradual grading. Short grading regions lower the free carrier absorption
resulting from the high doping level and maintain a high overall DBR reflectivity. Gradual
grading yields lower impedance mirrors with a smaller doping level. Since grading regions are
short, it is essential to understand the controllability of the effusion cells, such that accurate
composition grading can be achieved. Specifically, we need to study the transient behavior of
the cells in order to determine maximum grading speed, because effusion cells used in MBE
systems cannot control the flux accurately when the change is too fast.
4.3 Reduced Temperature Growth
The ultimate goal of the project is to integrate VCSELs with VLSI electronics circuits
using our EoE technology. This requires a substrate temperature of less that 47000C and a
growth time of five hours or less. Otherwise, the excessive heat can damage the electronics
underneath. If the growth time exceeds five hours, the substrate temperature needs to be further
decreased. However, low growth temperature can degrade the electrical properties of aluminum
containing semiconductors by favoring the growth of aluminum oxide, which serves as non-
radiative recombination sites [20]. It has been reported that aluminum containing compounds
grown at that condition raises the threshold currents of in-plane Fabry-Perot lasers by as much
as one order of magnitude [21]. One possible way to solve this dilemma is to grow indium
gallium phosphide around the undoped cavity, where majority and minority carriers co-exist.
Since the optimal growth temperature of this compound is from 4500C to 500 0C, we expect
good crystal quality can be achieved where non-radiative recombination is a severe problem.
Chapter 5
Experimental Results
In this chapter, we will present the results of the two experiments we have performed so far.
They are the reflectance spectrum measurements of the DBR stacks and the Hall measurements
on A1GaAs layers with various aluminum compositions.
5.1 Reflectance Measurements
The measurements were done on the following three samples:
#9435 The DBR stack consisted of 15.5 pair of Alo.1GaAs-AlAs layers, with an intended reso-
nance wavelength of 870nm. There was also a GaAs quantum well, surrounded by Alo.4Gao.6As
barrier layers, whose peak absorption was supposed to be at 870nm. The structure was grown
with two aluminum cells, one was set to a growth rate of 1pm/hr while the other one at
O.1im/hr. Since Ga was present in only one of the two layers, only one Ga cell was needed.
The substrate temperature is this growth was at 610C.
#9568 The DBR stack consisted of 16.5 pair of GaAs-Alo10 Ga.1As layers. Its intended reso-
nance wavelength was 980nm and there was no quantum well in it. The structure was grown
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Figure 5-1: The spectrum of #9435
at a reduced substrate temperature of 480C00, with only one Ga cell. The growth rate of the
Ga cell was ramped up to 0.5[um/hr during the growth of the GaAs layers, and then ramped
down to 0.1pm/hr during the growth of the Alo.9 Gao. 1As layers.
#9569 Its structure and growth procedures were identical to that of #9568, except that the
substrate temperature was set at 620'C.
The reflectance measurements were done by shining the DBRs with broadband white light
from a tungsten source. For sample #9435, the measurement was done with a Cary 5E spec-
trophotometer and the process was fully automated. For the other two samples, the white light
was collected from one end of a Gould 2 x 2 fiber coupler and was directed to the surface of
the sample with a normal incident angle through a collimator. The reflected beam entered the
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Figure 5-2: The spectrum of #9568. (Corrected for the variation in the tungsten source light
intensity at different wavelengths)
coupler again and was guided by another end of it to an HP optical spectrometer, where the
reflected spectrum was recorded. The variation in the tungsten source light intensity at differ-
ent wavelengths was corrected by measuring the reflectance spectrum of a gold foil, which has
a constant reflectivity in the range of wavelengths we used. However, an absolute reflectance
measurement was not possible since the actual reflectivity of the gold foil was not know exactly.
The reflectance spectra of the three samples are shown in Figures 5-1, 5-2 and 5-3.
For the sample #9435, the absorption peak of the quantum well was centered at 860nm
rather then 870nm as planned, due to an error in the calculation of the quantum well width.
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Figure 5-3: The spectrum of #9569. (Corrected for the variation in the tungsten source light
intensity at different wavelengths)
Other than that, the width of the reflectance spectral band and the peak reflectivity were nearly
identical to what one would expect from the ideal model.
The samples #9568 and #9569 suffered from very serious shift in their reflectance spec-
tra. It is suspected that the constant ramping of the Ga cell temperature prevented the cell
from reaching its equilibrium conditions and the actual growth rates never coincided with the
calibrated ones, since the calibration is always done at the beginning of each growth. If this
speculation was true, the thickness of the GaAs layers should have suffered most seriously from
the deviation, and the error should be in the range of 10 to 20%. The drifts in the resonance
wavelengths were about 90nm and 70nm, respectively. The drift of sample #9568 is so severe
that the absorption edge of GaAs entered the reflectance band, and caused the slip in reflectance
in the shorter wavelength range of the band.
The reflectance band-width of a DBR can be approximated by [9]
4 An
AA = - sin( n )Ar
7r 2navg
2An An Ar (5.1)
7r riavg
For GaAs-Alo. 9Gao. 1As, this width should be about 1lOnm, while the measured width of both
samples was about 90nm. This is another evident that the relative composition of Ga and Al
was not quite as expected, so A n is lower than expected and that the size of the error in Ga
flux was about 10 to 20%.
5.2 Hall Measurements
The results of the Hall measurements are listed in Table 5-1. All the samples are beryllium
(p-type) doped and the beryllium cell temperature was at 717C during all the growths, which
corresponds to an intended dopant level of about 1 x 1018cm - 3 in GaAs layer with the substrate
at 6000C. Half of these samples were grown at a high substrate temperature of 600'C, while
another half were grown at a reduced substrate temperature of 470°C.
The samples with 90% aluminum failed to form ohmic contact with a gold-zinc alloy evapo-
rated onto their surface through a shadow mask, even when they were alloyed at 42000C; however
ohmic contacts did form successfully when the temperature was raised to 4700C. Both samples
with 70% aluminum failed to form ohmic contacts even at the elevated temperature.
Referring to Table 5-1, we see that at low substrate temperature, we see the change in mobile
carrier concentration is as described in Reference [18]. The dopant appeared to incorporate well
in A10. 3Ga.7As. However, as the aluminum composition reached 90%, only 65% of expected
Sample Aluminum Substrate Measured Mobile Hole Hall
Lot Composition Temperature Hole Concentration Mobility
9502 0% 60000C 8.6 x 1017cm - 3  154 cm
9547 30% 6000C 4.9 x 1017 73
9546 70% 6000 C Fail Fail
9545 90% 60000C 3.9 x 1016 76
9561 0% 4700C 8.7 x 1017 147
9562 30% 47000C 9.5 x 1017 50
9563 70% 4700C Fail Fail
9564 90% 4700C 5.5 x 101 76
Table 5.1: Hall measurement resultstablel
carrier concentration is obtained. The mobility decreases and then increases again as aluminum
content increased. This is due to the so-called alloy scattering which is introduced by random-
ness in the locations of Ga and Al sites. As the composition of a conduction layer approaches
the binary endpoints (either GaAs or AlAs), this scattering is reduced and the mobility is larger
[22]. The Hall mobilities of holes for the reduced growth temperature samples are very similar
to those reported in Reference [22], in which the samples were grown with liquid phase epitaxy.
In conclusion, the reduced growth temperature does not seem to hurt either the incorporation
efficiency or the hole mobility.
At high substrate temperature, there are indications that the growth was rather poor.
The reflection high-energy electron diffraction (RHEED) measurements consistently gave poor
results during these growths. The incorporation of dopant was also much poorer than the case
of the low substrate temperature growths. It has been suggested that it is necessary to raise
the substrate temperature above 670'C in order to achieve a better growth.
The measurements presented in this section need to be expended to other dopant levels and
should also include more aluminum composition variations, other than just 30% and 90%. The
preliminary indications are, however, that the reduced growth temperature required by the EoE
process does not negatively impact either the p-type dopant incorporation efficiency or the hole
mobility.
Chapter 6
Conclusions and Future Work
This thesis presents a systematic analysis of the distributed Bragg reflectors (DBRs) which
serve as the mirrors around the optical cavity of the VCSELs. It considers various methods
to calculate the reflectance and the transmittance of a DBR structure. More specificly, the
transmittance and impedance matrices for DBRs were derived, and the impacts of loss, deviation
from resonance, and compositon gradings on the reflectivity were studied.
This thesis also studied the role the potential barriers, which are on the order of 100meV,
induced by the redistribution of space charges around the layer interfaces play in limiting the
conduction of carriers. While electrons can tunnel through these barriers quite easily if the
interfaces are heavily doped, reasonable hole transport can only be supported if the interfaces
are graded and doped in such a manner that the valence band is flattened. However, the length
of any graded region should not exceed 20% of the total layer thickness, so that the reflectivity
of the DBRs will not be severely degraded.
Reflectivity measurements of DBRs grown in this work indicates that the constant changing
of cell temperatures during the growths can make the growth rates deviate from the calibrated
values. The changes in layer thinkness seen shifted the spectra of the DBRs. Results from Hall
measurements made in this work suggest that increasing the aluminum content in an AlGAAs
layer can reduce the incorporation rate of beryllium dopant. On the other hand, reduction in
growth temperature does not seem to reduce the incorporation efficiency of the dopant or the
hole mobility.
The analyses on the optical and conduction properties of a DBRs presented in this thesis
serve as a starting point on a proper design of VCSELs. Most of the work in this project,
namely to fabricate VCSELs on GaAs VLSI electronics, has yet to be done.
The effusion cell transient behaviors and dopant incorporation are probably the most urgent
issues that need to be addressed. The results are necessary to finalize the composition grading
design. Much time will also need to be spent investigating the growth of reliable indium gallium
phosphide layers around the laser cavity.
In order to attain the kind of efficiencies one found in recent VCSEL structures, it will
be necessary to put buried-oxide layers on each side of the optical cavity, which serve as a
confinement for both photons and electrons in the transverse direction. This is done by growing
A1GaAs layers with high Al fraction and then oxidating these layers by placing the finished
structure in a steam environment.. The oxidation rate is linear in time but is very sensitive to
aluminum composition.. According to Reference [4], a variation on the aluminum composition
from 80 to 100% changes the oxidation rate by more than two orders of magnitude. Hence,
using this oxidation technique requires very careful control of the effusion rates of the Ga and
Al during the MBE growth, which should not be a major problem, and a calibration of the
oxidation rate of A1GaAs with different Al compositions.
Most VCSELs these days are grown on substrates of bulk materials, which also serve as
the heat sink of the device. In the EoE project, VCSELs are to be grown on VLSI circuits,
which are more likely to be heat sources than heat sinks. How well do VCSELs perform in such
a situation is still unknown, and a good answer probably lies as much in experiments as in a
detailed VCSEL model. Hopefully, VCSELs can co-habit well with the new hosts, the GaAs
VLSI electronics underneath.
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